Although stroke volume may decrease markedly after acute pulmonary embolism, left ventricular end-diastolic pressure (LVEDP) usually changes very little, which suggests that compliance or contractility or both are reduced. To test the hypothesis that the altered LV function during pulmonary embolism is primarily due to reduced preload mediated by increased pericardial constraint, hemodynamics and chamber dimensions (measured by sonomicrometry) were assessed in seven anesthetized dogs during control volume loading, after pulmonary embolism (with autologous blood clot), and after repeated pulmonary embolism in the volume-loaded state. The correlation between LVEDP and an index of LVED volume (LVED area index) throughout a wide range of LVEDP before and after embolism was poor (mean r= 0.42; range, 0-0.82). However, the correlation between transmural LVEDP (LVEDP -directly measured pericardial pressure) and LVED area index (mean r = 0.78; range, 0.61-0.94) was significantly higher (p=0.03). Similarly, an index of stroke work (LV area stroke work) correlated less well (p<0.01) with LVEDP (mean r=0.43; range, 0.07-0.77) than with transmural LVEDP (mean r=0.82; range, 0.68-0.92). LV area stroke work also correlated well with the LV area index (mean r = 0.84; range, 0.70-0.95). These data indicate that neither compliance nor contractility is substantially altered during acute pulmonary embolism. The altered LV performance is due to reduced LV preload as reflected by a decrease in transmural LVEDP. This study also demonstrates that LVEDP is a poor index of LV preload during pulmonary embolism, whereas transmural LVEDP accurately reflects LVED dimensions. (Circulation 1988;78:761-768) H emodynamic effects of acute pulmonary embolism include increased pulmonary artery and right ventricular (RV) pressures, and when embolism is severe, the effects include decreased cardiac output, systemic hypotension, and death.1-9 The reduction in stroke volume has been attributed to reduced left ventricular end-diastolic (LVED) volume.910 However, LV filling pressure is usually altered only slightly and may even increase,34,7 which suggests that pulmonary embolism may result in decreased LV compliance or contractility or both.
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Based on earlier studies from our laboratory1ll12
and from other laboratories,10, 
Data Analysis
Only data collected at end expiration were analyzed. Transmural LVEDP was calculated as intracavitary LVEDP -pericardial (balloon) pressure. The product of the LV minor-axis diameters (LV anteroposterior diameter x septum-to-LV free wall diameter) was used as an index of LV area and, hence, volume. LV area stroke work (ffLV intracavitary pressure x LV area index x change in the LV area index x change in LV pressure) was used as an index of systolic function. End-diastolic transseptal pressure gradient was calculated from LVEDP -RVEDP. All of these diastolic and systolic relations include data obtained during control volume loading (preembolism) combined with those obtained during the subsequent interventions. Data were excluded when sudden hemodynamic deterioration occurred (aortic systolic pressure <50 mm Hg).
Statistical Analysis
Multiple linear regressions were performed to obtain correlation coefficients for the relations between both LVEDP and transmural LVEDP with LV area index and LV area stroke work as well as for the relation between LV area index and LV area stroke work in each dog. Student's t test for paired data was used to compare the correlations between both LVEDP and transmural LVEDP with LV area index and LV area stroke work. Repeated measures analysis of variance was used to compare the pressure and dimension measurements obtained before and after embolism. A probability less than 0.05 was considered to be significant.
Results
Hemodynamic and Dimensional Changes Table 1 lists the mean hemodynamic and dimension measurements obtained just before and after the first infusion of blood clot as well as just before and after the last embolization that did not result in severe hemodynamic deterioration. The increased RV and pericardial pressures present before the first embolization were attributed to the fact that the Figure 1 shows the LVED pressure-volume relations during control volume loading as well as after subsequent embolizations before and after volume expansion in a representative dog. Ai LV (%) the data from the other six animals. As shown in (Table 2 ), there appears to be no systematic variation in compliance. Conversely, no consistent relation was apparent between LVEDP and area index during control volume loading and the subsequent interventions.
Systolic Function As illustrated in Table 2 and Figures 3 and 4 , LV area stroke work correlated poorly with LVEDP (mean r=0.43; range, 0.07-0.77). The correlation between area stroke work and transmural LVEDP (mean r=0.82; range, 0.74-0.92) was significantly better (p<0.01). Area stroke work also correlated well with area index (mean r=0.84; range, 0.70-0.95). The LV area stroke work and transmural LVED and LV area stroke work and LV area index relations appeared similar during both control volume loading before embolism and the subsequent interventions, which suggests that there was no systematic variation in contractility. Conversely, no consistent LV area stroke work and LVEDP relation was apparent during control volume loading and the subsequent interventions.
Transseptal Pressure Gradient
There was a close relation between changes in the transseptal pressure gradient and changes in septumto-RV and -LV free wall diameters, LV area index, and LV area stroke work regardless of the intervention (Table 2 and Figure 5 ). As the transseptal Figure 6 , right atrial pressure closely reflected LV pericardial pressure in all seven animals; the correlation coefficients ranged from 0.91 to 0.98. Discussion The hemodynamic and dimensional changes observed during acute pulmonary embolism in this study are similar to those previously reported in acute pressure overload of the RV in experimental models10-14,16,19,20,22 and in patients.1,3,4,9,15,17 RV systolic pressure increased after each infusion of blood clot. LVEDP decreased significantly after embolization in both volume states. Pericardial pressure increased significantly only over the RV after the first embolization, whereas pericardial pressure over the LV did not change significantly. Right atrial pressure and RVEDP increased significantly only after the first embolization. This change is somewhat different from that observed in our earlier study'2 in which severe pulmonary artery constriction was produced in normovolemic dogs; in that study, pericardial pressure over the RV increased, whereas it decreased over the LV. However, the intervention was very brief and relatively extreme; therefore, those results do not necessarily contradict the findings of the present study. The hemodynamic changes were associated with a significant increase in septum-to-RV free wall diameter, a significant decrease in septum-to-LV free wall diameter (only after repeated embolism), and no significant change in the LV anteroposterior diameter; this is consistent with a leftward shift of the ventricular septum. As a result, there was a significant decrease in the LV area index (only The increase in septum-to-RV free wall diameter and decrease in the septum-to-LV free wall diameter is compatible with a leftward septal shift as a major factor accounting for the decrease in LV volume (because anteroposterior diameter did not change). The relations between the transseptal gradient and the septum-to-free wall diameters were generally curvilinear, implying there are physical limits to the degree of septal displacement that can occur in response to an altered transseptal gradient 24 We have no data describing the effects of a large positive transseptal gradient because the experiment was not designed to examine this portion of the relation. These results are similar to those we previously reported1' in experiments during pulmonary artery constriction, are similar to the studies of others, 3,20,2' and are in general agreement with our current understanding of diastolic septal mechanics. [25] [26] [27] The importance of the contribution of pericardial constraint to the mechanism of the shift has been emphasized previously; opening the pericardium results in less septal shift than occurs while the pericardium is intact.1 7} 28 Our data differ from those in a recent report that concluded that septal shift was not an important factor in the reduction of LV volume in dogs with pulmonary vascular injury induced by glass beads." The degree of elevation of RV diastolic pressure in that study suggests that a septal shift was not observed because the increase in RV afterload was not as great as that produced by the repeated embolization in our study.
Right atrial pressure, which has been demonstrated to approximate pericardial pressure in previous studies29.30 and in this study (Figure 6 ), may become elevated in patients without preexisting cardiac disease who sustain acute pulmonary embolism. This suggests that pericardial pressure can increase secondary to pulmonary embolism even when LV filling pressure is normal. Certainly, volume loading in our animal model resulted in increased LVEDP despite a decrease in LV transmural pressure and LV area index. This observation may (at least in part) explain the occurrence of an elevated LV filling pressure after pulmonary embolism in humans.
Systolic Function
Stroke work correlated poorly with intracavitary LVEDP, whereas it correlated well with both transmural LVEDP and LV area index. Assuming that our index of LV minor axis area provides a reliable estimate of end-diastolic fiber length, the results indicate that contractility did not change in response to embolization and that the operation of the FrankStarling mechanism is sufficient to explain the In summary, this study indicates that the deterioration in LV performance during acute pulmonary embolism is due to diminished LV preload. Although changes in intracavitary LVEDP suggest that compliance or contractility or both decrease, it is evident when pericardial constraint and ventricular interdependence are taken into account that neither is substantially altered but that the reduced performance is due to impaired LV diastolic filling. 
